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Import and processing of heart mitochondrial cyclophilin D 

Nicholas Johnson, Ayesha Khan, Sukaina Virji, John M. Ward and Martin Crompton 

Department of Biochemist ly and Molecular Biology. University Colfegfi London. London, UK 

Cyclophilins are a family of cyeiosporin-A-hinding proteins which catalyse rotation about prolyl peptide bonds. 
A mitochondrial tspiorm in mammalian eel Is, .cyclophilin D, is a component of the permeability transition pore 
that is Formed by the adenine nucleotide translocate and the voltage-dependent anion; channel at contact sites 
between the inner and outer membrane, litis study investigated the submitochondrial location of 
cyclophilin D by Following the fate of radiolabe lied protein following import. Precursor | 35 $]cyclophilin D 
was expressed in vim* from a TCR-generated cDNA. The precursor was imported by rat heart mitochondria and 
processed in a single step to a 21 -kDa protein that was identical (SDS/PAGE) to an in, vitro expressed mature 
protein and a cyclophilin D purified From rat heart mitochondria. No further modification of the mature protein 
could be demonstrated. Fractionation of mitochondria Following import established that cyclophilin D locates 
only to the matrix. It is concluded that cyclophilin D binding to the permeability transition pore must occur at the 
inner Face of the mitochondrial inner membrane. 

Keywords: cyclophilins; import: mi tochondri a; polymerase c hai n reaction. 



Cyclophilins form a ubiquitous Family of proteins characterized 
by their ability to catalyse the vislimm isomerization oF 
peptidyl.-prolyl (Xaa-Pro) bonds \\£L]. They are also the 
primary binding targets of the immunosuppressive agent, 
cyclosporin A (CSAj |3). Mitochondrial isoforms of cyclo- 
philin. termed eye 1 ophi I i n D ( Gy P- D ) r have been identified in 
Nearospbm [4J, yeast [5]? human [6] and rat |7:8|. These 
contain an N-terminal targeting sequence that directs; the 
translated proteins to the mitochondria. One function of 
cyclophilins appears to be the catalysis of nascent protein 
folding [9|. This is indicated For yeast mitochondrial cyclo- 
philins through the inhibition of protein folding bv CSA 
fl(Mlj. 

The observation that CSA potently inhibits opening of the 
permeability (FT) pore (12] has also implicated GyP-D in pore 
regulation. The PT pore forms large nonselective pores within 
the inner mitochondrial membrane [13,14]. Pore opening leads 
to losses of matrix volume control and energy transduction. The 
physiological role of die pore has not been established, 
although it may be involved in necrotic death following 
ischaemia/reperFusion [I2,I5-18| and apoptotic cell death 
under a range of physiological stimuli {19]. 

Further evidence that CyP-D regulates the PT pore is based 
on its physical association with pore components.-The primary 
components of the pore are the adenine nucleotide tranlocase 
(ANT. inner mitochondrial membrane) [20] and the voltage-, 
dependent anion channel (VDAC. outer mitochondrial mem- 
brane) [21 'J. CyP-Dhas been copurified with both following the 
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isolation of intact contact sites from mitochondria [22,23]. 
Recoustitution experiments show that these contact sites can 
insert into liposomes and form PT pore-like channels. Recently, 
we have demonstrated direct binding of recombinant CyPrD to 
ANT/VDAC complexes [24]. These complexes also form 
channels within proteoliposomes thai show similar properties 
to the PT pore itself, in parallel work. Wood field, et ah |[25] 
demonstrated binding of CyP- D to ANT alone. 

Purification of mitochondrial cyclophilin from rat leads to 
the recovery of two proteins of 19 kDa and IS kDa [7] or 
21 kDa and 18 kDa (8|. Either; or both, could regulate the PT 
pore. Protein sequencing [7,26 [demonstrated that the larger 
forms: were homologous to human GyP-D (or cyclophilin 3) f 6] . 
Tlie N -terminal sequence of the short form was identical to that 
located within 10 amino acids of the N-terminal of the 
larger form [7], implying that the smaller form is derived 
by N- terminal truncation of the larger form. Such two-step 
processing is typical of many mitochondrial proteins [27], 
Subsequent cloning of the cDNA for rat CyP- D demonstrated 
that it was nuclear derived and translated as a single protein 
[28] ► The presence of arginine (residue 28) two amino acids 
upstream, indicates that the cleavage site for the removal of 
the targeting sequence lies between Thr29 and Cys30, a 
feature shared by cleavage sites in other mitochondrial 
proteins [29]. However, it is not known whether further 
processing occurs to generate the short form in vivo, or 
whether it arises through inappropriate proteolysis of the 
larger form during purification. Further work has demon- 
strated that peptidylprolyl c/AWra/Kv-isomerase (PPIase) activity 
is found in both the matrix (21 kDa) and intermembrane space 
(18 kDa) compartments of mitochondria [26]. But again it is 
unclear whether the PPIase recovered in the intermembrane 
space fraction is derived from GyP-D or is of a nonmito- 
chondrial origin. 

The present study has addressed these questions by importing 
[ 35 S|-precursor CyP-D (pCyP-D) into heart mitochondria and 
following its fate. It is concluded that pCyP-D is cleaved to: its 
mature form in. a single step arid resides solely in the matrix 
compartment. 
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MATERIALS AND METHODS 

Materials 

Primers and deoxynucleotidc triphosphates were obtained from 
Pharmacia Biotech (St Albans, UK). PGR reaction buffer and 
Pfti DNA polymerase were supplied by Stnmigene (Cambridge, 
UK). DNA purification was cattied out using the Geneclean U 
Kit supplied -by BIO 10K fnc ( Vi sta -C A), f%] Methionine and 
X-Omat film were obtained from Amersham International 
(Amersham, UK). The TNT#- T7 quiok-coupled transcription/ 
translation kits were obtained from Promega (Southampton. 
UK). Pre-staiiied SDS/PAGE standards were purchased from 
BioRad {Hercules, GA) and Rrotran BA85 nitrocellulose 
membranes were supplied by Schleicher & Schuell (Dassel. 
Germany). AH other chemicals were obtained from Sigma 
(Poole. UK). 



Amplification of cyclophilin DNA template 

Initial reactions amplified a cloned CyP-D cDNA. which 
was 39 bases short (5 '-end) of the full-length sequence [24], 
Primers were designed from the published 5 --end [28 J. 
Precursor GyP-D template was amplified in two stages. The 
first step used the upstream primer fMTS- 1 ^ 
TAGGGCGA/tfTCGC^ 

CCGGCTGCTCGGTGTGCTCTCCGGCCCGCGCrCCGCG-3^ 
and the downstream primer (CyPD2) 5 '-TG ACTGG A ATfG- 
TGTGACOT'AGCTCAAGTG The amplified product 

was purified and used as template for a second:; react ion using 
the primer (CyPDI) 5 '^TGACTGTA AI^SgA 
TAGGGCGAA'IT-3' with primer CyPD2. Mature GyP-D 
template was amplified in a single reaction with the upstream 
primer (CvPD3) 5'- ACTGGGAT&TA^ACG ACTCACI^VmG- 
GGCGAGACCACCArGTGCAGCGAGGGCGGAGGeCGA-3^ 
and primer C\PD2- The reaction conditions used throughout 
were denaturation at 94 °C (I min), annealing at 45 °C ( I min) 
and polymerization at 72 °C (1.5 min) and 30 cycles (Personal 
Gycler; Biometra Genu any ); 

in vitro transcription/translation of CyP-D 

Coupled trahscription/translation using the TNT® T7 quick- 
coupled kit was carried out according to the mahufacturer-s 
instructions using l- 5 SJ methionine and ;! u>g DNA template per 
60-pJ reaction. Reactions (30 °C, 90 min) were terminated by 
transfer to ice. Translated material was either used immediately 
or.stored at -SO -G until required. Modifications are indicated 
in the text and figure captions. 

Preparation of import competent rat heart mitochondria 

Mitochondria were prepared from the. hearts of male Sprague- 
Dawley rats (200-250 g body- weight). Hearts were removed, 
washed with ice-cold MSTEB buiTer (210 mM mannttol,. 
70 mM sucrose, 10 ihm Tris/HCI p'H 7.2. I mM EGTA and 
0.5 mg-mL" 1 fatty-acid-free BS A) and homogenized (Polytron 
Homogenizes Kinematica. Lucerne) in the- same buffer 
(50 mL heart^'). After centrifugalion (450 g. 5 min) two-thirds 
of the supernatant was decanted to fresh, chilled tubes and the 
mitochondria isolated by further centrif ligation (5800 £. 
10 min). The mitochondrial pellet was carefully re-suspended 
in cold MST (mannitol 210 mM. sucrose 70 nm and Tris/HCI 
10 m,\i pH 7.2) and the previous centrifugal ion steps repeated. 



Further washing did not improve the efficiency of import. 
Where required, mitochondria were ruptured by freeze- 
fracture. Briefly, mitochondria at a concentration of 
lO u-g mL" 1 in MST buffer were frozen (liquid N2) and 
thawed five times. Aliquots were stored at -20 P C. 

Import of cyclophilin into isolated heart mitochondria 

Freshly prepared heart mitochondria were diluted (2 mgmL~ 
in MRM buffer (250 nm sucrose, 10 nm Hepes; p'H 7.5. I mM 
ATP. 5 mM sodium succinate, 0!8 mM ADP and 2 mM 
KiHPpj). The suspension was further diluted with an equal 
volume of KMH buffer (JO mM Hepes. 80 mM KG!, 2 ihm Mg 
acetate. pH 7.5). Where requited; mitochondria were de-energized 
prior to import by the addition of I p.M carbpnyl cyanide 
m-chlprophenylhydrazone (CCCP). Import reactions were 
initiated by the addition of 5 u.L translated precursor to 
200 |jtL heart mitochondria and: conducted at 30 °C in an 
uncapped tube. Reactions were terminated after 40 min by 
transfer to ice and incubates split into two equal aliquots. One 
was treated with proteinase K (100 pig- mL). After 30 mi ns on 
ice, 2 mM PCH 2 S0 4 F was added to inhibit the protease and 
both samples; diluted with 10 vol, of MRM buffer. Mitochon- 
dria were reisolated by cemrifugation and washed with fresh 
MRM butter without disturbing the pellet. Samples were 
dissolved in sample loading buffer for SDS/PAGE or used 
immediately in further experiments. 

Digitonin fractionation of heart mitochondria 

Following import and proteinase K treatment, mitochondrial 
samples (200 |xg) were diluted with 3 mg of freshly prepared 
mitochondria. Digitonin fractionation was then carried out as 
described previously [26]. Supernatants of pellets were assayed 
for [ J5 S|. adenylate kinase and ma I ate dehydrogenase (30). 

Gel fractionation was carried out on selected samples of 
supernatants and pellets. Pellet samples were dissolved in 6% 
Chaps iii MST. Samples were separated oh a Superdex 15 
column (Pharmacia Biotech) equilibrated with 150 niM 
NaCI/iO mM Hepes pH 7.5/0.5 iron. EDTA/2 ohm PCH 2 S0 4 r7 
leupcptin, antipain and pepstatin A (all 0.5 MLg-mL" 1 ). The 
| 35 S|-c6maihmg fractionstcdntaining Cy P-D were measured. 

Analysis of radiolabeled cyclophilin proteins 

Translated proteins were analysed by SDS/PAGE f3l]. Proteins 
were separated on. J 5% gels and transferred to nitrocellulose 
membranes at 100 V for 2 h in 48; mM Tris, 39' nm glycine, 
pH 9.2. methanol (20% v/v). Radiolabeled proteins were 
visualized by autoradiography. 

RESULTS 

Construction of CyP-D cDNA templates and expression of 
[ 35 S]-labelled CyP-D 

Conventionally; mitochondrial precursors are derived by 
iti'Vitro transcription and translation from plasmid-borne 
coding sequences |32J. We have developed a similar approach 
using the PGR to create two cDNA templates coding for 
CyP-D. The first template contains the entire CyP-D reading- 
frame and codes for the mitochondrial precursor (pCyP-D). The 
second lacks the targeting region and codes for the mature 
protein (mCyP-D). Figure I shows schematically the design of 
both constructs and the position of amplifying, primers. 
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Fig. I. Comparison of cyclophithj amplification products. The schematic, 
compares the predicted amplified DNA products of precursor GyP-D 
(pCyP-D) and mature CyP-D (mCyP-D), Arrows indicate the. position of 
primer binding and direction of amplification; The numbers below pCyP4> 
represent amino, acid positions. 

Rat CyP-B, including the M-terminal targeting: sequence 
contains 206 amino acids (28}; N -terminal sequencing of 
CyP-D isolated froni rat liver mitochondria revealed major 
and minor forms with residues 30 and 40, respectively; at: 
the N-termtnal end. Residues 1 -29 of the nascent protein 
therefore form the mitochondria] targeting sequence, which is 
cleaved after import to yield mCyP-D (above). The posstbiiily 
of a second downstream cleavage site at residue 39 is 
investigated in this study. For -PC R . the temp 1 ate was a cloned 
raj GyP-D cDNA truncated (38 bases) at the 5'-end ; [24|. 
Codons for the targeting sequence were introduced by 
amplifying with an extended upstream primer (> .50 bp in 
length) [33], Two amplification steps were required to add 
84 bp to die original sequence. The mCyP-D template was 
amplified iiii a single step, adding a met hionine eodon ahead of 
the mature coding sequence (encoding residues 30-206). In 
addition, the upstream primer of boUt templates; added T7 
promoter sites ahead of the coding sequences to direct 
transcription. Sites surrounding the first methionine codon 
were modi lied to form Kozak consensus sequences (ACCATG) 
to enhance translation initiation [.34]. 

Piasmid cDNA -directed coupled transcript! on/translation is 
sensitive to variations in Mg ?t concentration [35]. This is also 
the case for PGR -cDNAhU reeled transcription/translation. 
Figure 2A shows that efficient translation of [ 35 S|-labelicd 
pCyP-D was critically dependent on Mg 2 *. Good expression 
was obtained with 3-5 niM Mg? + , but higher or lower Mg M 
yielded negligible expression. However, this concentration 
optimizes translation at the expense of transcription [35]. We 
have compensated for mis by maximizing the amount of- 



template DNA added to translation reactions that typically 
gave a final concentration of 20 pigml"" 1 . Again, this is 
similar to the optimum levels found for plasmidrbased 
coupled transcription/translation systems. 

Figure 2B compares the products of in-vitro transcription/ 
translation reactions from cDNA coding for pCyP-D and 
mCyP-D. iii both cases: a single predominant band was 
generated. Under identical translation conditions, the level of 
expression of pCyP-D was consistently much low'er than that of 
mCyP-D. Figure 2.B shows a typical result, comparing equal 
volumes of translation "reaction for each protein. Attempts to 
improve the expression of pCyP-D by directing translation from 
a piasmid cDN A under the control oFT7 or T3 promoters did 
not improve the yield of this protein (data not shown). Bergsnia 
and co-workers (6| noted that the cloned form of human 
mitochondrial eyclophilin did not express when cloned into 
Escherichia mli x but that this could be reversed by reducing the 
GG content of the N-termiuai coding sequence. The GC content 
within the rat targeting sequence is 74% and the absence of this 
sequence from the cDNAcoding for mCyP-D which expresses 
well, suggests that it is this region which inhibits efficient 
translation, 



Radiolabeled pCyPrD is imported into mitochondria and 
processed to a 21-kDa form 

We and others have reported that two forms, of CyP-D 
are routinely purified from rat liver mitochondria |7 ; 26|- 
N-terminal sequencing indicates that the shqrt form is 
derived by NMerminal cleavage of the longer form, |7|. As 
shown in Fig. 3,,the two forms can also be purified from heart 
mitochondria. The two forms are clearly distinguishable, 
migrating at 21 kDa (lane 3) and 18 kDa (lane 4). As expected. 
Cy P-D(2 1 ) com i stated with in vittv translated ^ 5 S|-mGyP-D 
(lane 2) Thus f ' SJ-mCyP-D is identifiable as one of the forms 
occu rri ng nal u raJ ly. 

Confirmation that mGyP-D/CyP : P(21) represent the major 
CyP-D form in vivo Wis demonstrated by import of in vUro* 
translated pGyP-D into heart mitochondria (Fig. 4). Mitochon- 
drial precursors, in vivo, are generated in the cytoplasm and 
imported post-translatipnally [36]. The targeting sequence 
allows specific binding to protein receptors in the outer 
membrane before import. True import, rather than superficial 
binding, was checked using two well established criteria for 
import [li|, namely resistance to external protease and 
dependence of import on a high inner membrane potential. 
Two typical exampies of import reactions are reported in Fig. 4, 
upper and lower panels. In the presence of carbonyl cyanide 
/H-chlorophenylhydrazone (CCCP) to collapse the inner 
membrane potential and prevent import, precursor CyP-D 
bound to mitochondria (lanes 1) but was completely cleaved 



Fig. 2. Expression of precursor and mature 
forms of eyclophilin D. ( A) Expression of 
oCvP-D enhanced by the addition of 
magnesium acetate to the. concentrations 
indicated. (B) Comparable aliquots 01 translation 
reactions of pCyP-D (lane. 1) and mCyP-D (lane 
2) translated in the presence of 3 mM magnesium 
acetate are sliown. Protein samples were sepa- 
rated by SDS/PAGE alongside prcstained mole- 
etiiar mass markers (7-30 kDa). transferred to 
nitroeellulose and visualized by autoradiography. 
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Fig. 3. Radiolabeled mCyP-D migrates with isolated CyP?D(2i). 
Comparison of m-w/ro expressed pCyP-D (Jane 1) and mCyR-D (lane -2) 
with CyP~0(21) (lane 3} and CyP-D(IH) (lane 4) purified directly torn rat 
heart miktchondria^ Methods were a* in Fig,. 2. Purified proteins (lanes 3 
and 4) and markers were visualized&y staining the. membrane with ponceau 
red The amounts of ; pCyP-D and mCyP-D have been adjusted to give equal 
band intensity; 

by exogenous proteinase K (lanes &%. In some experiments 
(e g. lane K upper panel), but. not all (e.g. lane I . lower 
panel), same cleavage of bound pCyP-D occurred in the 
presence of CCCP. However, this protein did not persist 
following proteinase K treatment and was evidently not 
imported. In experiments showing cleavage of bound "GyP-D 
(lane I., upper panel) we also observed a sntali proportion 
(3-5%) of mitochondrial malate dehydrogenase; in the super- 
natant faction. ;ln experiments in which cleavage was not 
observed in. the presence of CCCP (e.g. lane I, lower pane]) 
freezing and thawing of the mitochondrial preparation did lead 
to cleavage of pCyP-D to produce lite second band (in the: 
presence of GCCP). taken as a whole, these data indicate that 
when cleavage was observed in CCCP-treated mitochondria* it 
was due to a small amount of mitochondriaLlysis and release of 
processing peptidase. 

In the absence of CCCP, i.e. in the energized state. pCyP-D 
again bound to heart mitochondria (lanes 3, upper and lower 
panels) and produced a single lower band; From densitometric 

1 2 3 4 5 
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analysis, the lower bands represented 45% and 38% of the 
radiolabeled protein. The lower band was clearly resistant to 
proteinase K (lanes 4) and co-migrated with f 35 S|mCyP-D 
(lanes 5) and therefore this in -vitro generated protein is the 
same as CyP-D(2l) isolated from mitochondria. 

Import was also attempted in rat liver mitochondria. 
However, residual free l 35 SJmethionine. introduced into the 
import reaction from the translated sample, became incor- 
porated into iniramitochondrial proteins, giving rise to multiple 
radiolabeled proteins that were resistant to protease treatment. 
Attempts to block synthesis with translation inhibitors were 
only .partially successful. The absence of this problem in 
mitochondria derived from heart m^ut made them the 
preparation of choice. 

From Fig. 4 (upper and lower panels) \i is evident that 
pCyP-D was processed 16 a single intrumttochondrial 
species. A further example of this single imra mitochondrial 
band (on SDS/PAGE) loll owing import, is given in Fig. 6B 
(inset}. In some, experiments (e.g. Fig. 4, lower panel lane 4), 
but not others (e;g. Fig. 4. upper panel: Fig. 6B inset), some 
'fraying' of the lower edge of the: 21 kDa band was seen after 
proteinase K treatment. This evidently resulted from the added 
proteinase K. rather than any endogenous peptidase, since it 
was not seen in the imported band before proteinase K 
treatment (Fig. 4, lower panel, lane 3), These results are typical 
of six experiments with heart mitochondria. In none of these 
experihtents was a smaller band observed, .corresponding to 
Cy.P-Dfl8). Moreover, no smaller band arose when mito- 
chondria were maintained for several hours after import (data 
not shown). CyP-D is functionally associated with the PT pore 
(Introduction), We have also tested whether conditions that lead 
to pore activation (1 00 p,M Ca 2 * ? 5 miSi P ( . 5t)0 jam tertbutyl- 
hydroperoxidel produced a lower molecular mass species. 
However, none was found (data not shown), 

in Netnospora. mitochondrial CyP is expressed as a 
24 °kDa precursor. After import, the precursor is cleaved 
in two, steps via a 21 kDa Intermediate to the 20 kDa mature 
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CCCP + + - - 

Protein ase-K + - + 

Fig. 4. Import of pCyP-D into rat heart mitochondria requires an. inner 
membrane potential. Freshly prepared rat heart mitochondria were 
incubated with | J5 SFIabelleU pCyfi-D in ihe presence Ide-energized 
mitochondria, lanes I and 2) and in ihe absence of CCCP (energi/cd. 
lanes 3 and 4). After import; samples, (lanes 2 and 4) were treated with 
proteinase K. Radiolabelled proteins were analysed as in Fig. 2. A mCyP-D 
control is included (lanes 5} for comparison with import products. Upper 
and lower panels show experiments with different mi toe bond irial prepara- 
tions. 
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Fig. 5. Proteolysis of pCyP-D by ruptured mitochondria. pCyP (lanes 
1-4). and mCyP-D (lanes 5-8) were either left untreated (lane 1 and 5) 
or treated with 10 jig mitochondria ruptured- by freeze- thaw (F-T Mi) 
MrV 2 ' (I uiM) and EDTA ( 1 nut) were added as indicated. Samples 
were incubated nt 30 X for 60 min before termination with SDS/PAGE 
loading bulTer. 
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Fig. 6. intramitochondrial lociitkm of 
imported CyP-D. Mitochondria were loaded 
wah p'Si-CyP-D- (A) The release; of *S (Q). 
adenylate kinase (■> arid< ma late dehydrogenase 
(♦) were measured ai; i nereasi ng ; dij; i iomn 
concentrations. (B) |^^S|CyF^D release Was 
-quantified' after isolation from the supernatant 
ft action by?eel- nitration (Materials and Methods) 
and compared with the marker enzymes 
adenylate kinase (A) and malatc dehydrogenase 
(M). Three digitonin concentrations were used. 
Hie inset shows samples of the supeniatant (S) 
and pellet (P) analysed by SD$/PAC;H and 
autoradiography. Arrows indicate the position of 
mature CyP-D. 



form. The second step is catalysed by a Mn 2+ -dependeni 
peptidase. Therefore we also tested for a similar final 
processing step in heart mitochondria by exposing mCyP-D 
and pGyP-D to ruptured mitochondria in the presence and 
absence of Mn 2 * (Fig. 5). mCyP-D (jane 6) resisted further 
digestion irrespective of the presence of Mn 2 * or EDTA to 
chelate endogenous divalent cations (lanes 7 and 8). Under 
similar conditions pCyP-D was processed lb inCyP-D. hut 
no further planes 1-4). Thus again, we obtained no evidence 
for a second. Mil 2 "* -dependent processing step jh~.rai heart 
mitochondria. 

Mitochondrial sublocation of [ 35 S]-iabelied CyP-D 

On subfractionation of liver mitochondria, cyclophilins are 
recovered in both matrix (70-80% -of total) and intermembrane 
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space (20-30%) compartments |26|. Nicolli et ah 137] have 
drawn attention to the contamination of conventionally 
prepared mitochondria with non-mitochondrial cyclophilin. 
i.e. CyP-A (cytosol) and CyP-B (ER). The successful import 
and processing of CyP-D in radiolabeiled form (Fig. 6) allowed 
us to determine its submitochondrial. location precisely using 
the digitonin fractionation procedure. Digitonin lyscs; mem- 
branes through interaction with cholesterol. The higher 
cholesterol content of the outer membrane (0.06 mmolmg~ l ) 
compared with the inner membrane (0.02 mmolmg" 1 ) makes 
this more susceptible to lysis at lower digitionin concentrations 
|38]. Fractionation was quantified from the release of marker 
enzymes for the intermembrane space (adenylate -kinase) and 
the matrix (malate dehydrogenase). 

Figure 6A shows that the profile of j;- 5 S| release with 
increasing digitonin concentration mirrored that of the matrix 
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marker, malate dehydrogenase, and not adenylate kinase. The. 
best separation of the matrix and intcrmcmbranc spaee fractions 
occurred at about 0.2 mg digi ton living mitochondrial protein' • 
(Fig. 6 A). In three separate experiments the amount of f'S\ 
release into the supernatant at 0.2 mg digitonin-mg protein" 1 
(5 ± 2% mean ±' SEM) was the same as malate dehydro- 
genase (6 ± 3%), and quite unlike adenylate kinase 
{85 ± 5%). These data indicate that CyP-D(21) is restricted 
in the matrix space. 

To check this, supernatant and pellet samples obtained at 
three concentrations of digitonin were fractionated by gel 
filtration and the radiolabel in the CyP-D peaks was quantified 
(Fig. 6B). Again, the CyP-D distribution accurately reflected 
that of malate dehydrogenase and hot adenylate kinase: In 
addition, samples of both supernatant and pellet at these 
digitonin concentrations were analysed by SDS/PAGB 
(Fig. 68, inset). Transfer of CyP-D from the pellet (i.e. intact 
mitochondria of mitoplasis) to the supernatant only occurred at 
the highest concentration of digitonin. Within the limits of 
detection therefore, these data confirm that CyP-D is located 
entirely within the matrix. 

CONCLUSIONS 

The present data demonstrate that PCR-derived cDNAs- can 
form efficient templates for mitochondrial precursor proteins. 
Promoter sequences and modifications to the flanking 
sequences can be introduced through arnplirlcatioiL with 
extended primers (>' 50 bp), The factors which influence 
transcription and translation from PCR-derived templates are 
similar to those observed from plasmid-derived cDNAs [35]. 
Furthermore. PCR-derived templates do not require purifi- 
cation or restriction, endonuclease digestion before use in 
translation reactions. This dramatically reduces the time 
required to generate translated proteins. 

We have used this technique to generate the mitochondrial 
precursor and mature form of rat CyP-D. The precursor was 
success! u Uy im ported i n to rat heart mi tochondria and processed 
to a single 21 kDa protein, ft has been proposed that multiple 
processing of CyP-D occurs and generates two matrix 
cyclophilins [7J. However, we has- been unable to demonstrate 
multiple cleavage of the precursor either following import or 
under a variety of conditions in which. mitochondrial proteases 
are released. We conclude that a single fonii of CyP-D exists tit 
the matrix, at least in heart mitochondria. An fungi, two ways of 
processing mitochondrial cyclophilins have been identified, in 
yeast, mitochondrial CyP is processed in a single step after 
import, whereas in Ncuropora irassa, imported CyP is cleaved 
twice to produce the final mature form. From the present study, 
mammalian mitochondrial CyP seems to be processed as in 
yeast rather than as in Neurbsptmi. 

Cyclophilins and their homologues have been identified in 
most cellular locations including the cytoplasm [3.39], ER 
1 40,41) and nucleus [42] as well as the mitochondrial matrix 
(this study). Their general roles, have yet to be established, but 
in view of their ability to catalyse rotation of prolyl peptide 
bonds (Introduction), a function in protein folding seems likely. 
Certain observations support this role. Folding of transferrin in 
the ER is inhibited by CS>A consistent with catalysis by CyP : B 
|9|. Yeast mitochondria deficient in functional mitochondrial 
(matrix) CyP show impaired folding of imported proteins [10]. 
Matrix CyP-D (this study) may perform a similar role. Along 
these lines, it might be anticipated that the intermemhrane 
space would also contain a cyclophilin as well as the 
mitochondrial matrix (this study), to catalyse folding of 



proteins newly imported into that compartment. From the 
present study; however, any ihtermembrane space CyP is 
unlikely to be derived from Gy.P«D. 

In addition CyP-D is a component of the PT pore which is 
believed to be involved in both necrotic and apoptotic cell death 
(Introduction). CSA blocks the PT pore f l2j by interacting with 
CyP-D [24. 25 and references therein!. However, the role 
played by CyP-D in the PT pore has not been resolved. 
Kroemer and co-workers [43 1 suggested that it may be 
involved in the recruitment of the proapoptotic protein Bax. 
We have shown that a recombinant glutathione S-transferase 
(GST)-CyP-D fusion binds strongly to complexes of YDAC 
and ANT which form the PT pore, and that CSA binding to 
CyP-D within the complex produces pore blockade {24]. 
Evidently. CyP-D is an integral component of the PT pore 
complex, rather than loosely associated. The present study has 
shown chat CyP~D is restricted to the matrix compartment. 
Therefore. CyP-D must interact with ANT in the inner 
membrane, rather than with VDAC in the outer membrane, 
and must bind to ANT from the matrix side of the inner 
membrane. This is in line with studies elsewhere demonstrating 
interaction between CyP-D and ANT alone 1 25], Cross-linking 
of imported radiolabel led CyP-D may allow the nature of this 
interaction to be elucidated, and this is currently under way in 
this laboratory. 
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